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DAMAGE TO GERMANIUM DUE TO 22 AND 40 MeV 
PROTON BOMBARDMENTS 

By Roger A. Breckenridge and Chris Gross 
Langley Research Center 


SUMMARY 


The effects of 22 and k-0 MeV proton bombardments on n- and p-type single - 
crystal germanium were investigated. Electrical conductivity and the Hall coef- 
ficient were measured as a function of proton flux to provide removal rates for 
majority carriers. A defect energy level was located in n-type germanium 
0.20 eV ±0.01 eV below the bottom of the conduction band from a study of the 
Hall coefficient as a function of temperature and, also, from a study of the 
removal rate of electrons as a function of the Fermi level. The rate of intro- 
duction of acceptor levels in n-type germanium was found to be 73-5 I> er cm ~ 
proton for irradiation with 22 MeV protons and 4l.4 per cm-proton for irradia- 
tion with 40 MeV protons. 

The measured removal rates of holes in p-type germanium were much lower 
than the removal rates of electrons in n-type germanium at a similar resistivity 
and for the same bombarding particles. A limiting value of the Fermi level was 
located between 0.20 eV and 0.25 eV above the top of the valence band. 


INTRODUCTION 


The effects of radiation on semiconductors have been extensively studied. 
However, studies of proton damage have been limited. The investigation of pro- 
ton damage to germanium transistors has indicated a need for a better under- 
standing of defects produced in the constituent materials of these devices by 
high-energy protons (ref. l). For this reason, bombardment of germanium by 22 
and ko MeV protons and the study of the resulting lattice defects were 
undertaken . 

Measurements were made of electrical conductivity and the Hall coefficient 
since both are very sensitive to defects produced in the lattice of the semi- 
conductor by radiation. Only permanent defects were considered in these 
studies, that is, defects arising from the production of interstitials and 
vacancies by the incident protons and their resulting recoil atoms. These 
defects give rise to trapping sites and recombination centers in the germanium. 
However, in this report only the trapping of majority carriers from either the 
conduction band or the valence band will be considered. 



For the bombardment phase of the experiments , the 22 MeV cyclotron at the 
Oak Ridge National Laboratory and the 40 MeV linear accelerator at the 
University of Minnesota were utilized. 

SYMBOLS 
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E j 

Emax 

Ey 

E r 
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m H 


Bohr radius of hydrogen atom 
energy of proton 
energy of acceptor 

energy at bottom of conduction hand 
energy of donor 
displacement energy 
Fermi level 

energy of bombardment -produced acceptor 
energy of bombardment -produced donor 

maximum energy that can be transferred to recoil atom 

energy at top of valence band 

mean energy of recoil atom 

electronic charge 

Fermi function 

Planck constant 

Boltzmann constant 

mass of proton 

mass of germanium atom 

mass of "heavy” hole 
mass of "light" hole 
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ntn 

m D 

Ettp 

N 

n a 

%,i 

N A ,o 

d% 

d0 

N C 

% 

N D,j 

N D ,o 

N v 
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longitudinal mass of electron 

effective mass of electron 

mass of free electron 

effective mass of hole 

transverse mass of electron 

number of atoms per cubic centimeter 

concentration of acceptors 

concentration of bombardment -produced acceptors 
concentration of acceptors prior to bombardment 

rate of introduction of acceptors 

effective concentration of available states in conduction band 

number of displacements produced per centimeter per particle 

concentration of bombardment -produced donors 

concentration of donors prior to bombardment 

effective concentration of available states in valence band 

concentration of conduction electrons 

initial concentration of conduction electrons 

initial removal rate of electrons 

concentration of holes 
initial concentration of holes 

initial removal rate of holes 

Hall coefficient 
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Z 
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y± 
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Rydberg energy for hydrogen atom 

ratio of Hall mobility to drift mobility 

temperature in °K 

atomic number of target atoms 

spin degeneracy 

spin degeneracy of acceptor level 
spin degeneracy of donor level 
electron mobility 
hole mobility 

mean number of displacements per primary recoil atom 

electrical conductivity 

total displacement cross section 

initial electrical conductivity 

integrated flux 

DESCRIPTION OF EXPERIMENTAL TECHNIQUE 


Commercially zone-leveled germanium in the form of ingots was used in this 
investigation. The ingots were sliced into 25-mil-thick wafers with a diamond 
cutoff wheel. Bridge samples were cut from these wafers by an ultrasonic cut- 
ter. The samples were lapped to a thickness of approximately 15 mils; the 
thickness of each sample was measured by a micrometer. Next, the germanium 
samples were etched in a standard chemical etch (five parts HF, five parts 
acetic acid, and eight parts HNOj). Leads were attached to the tabs of the 
samples by indium-alloy solder, and the samples were mounted on ceramic sub- 
strates for ease of handling (fig. 1). 

For the bombardment phase of the experiment, the 22 MeV cyclotron at the 
Oak Ridge National Laboratory (ref. 2) and the 4o MeV linear accelerator at the 
University of Minnesota (ref. 3) were utilized. During bombardment the germa- 
nium samples were mounted in a Hall magnet, and the proton beam was allowed to 
impinge on the sample by passing it through a hole in the pole piece of the 
magnet. (See fig. 2.) A thin scattering foil was used to spread the proton 
beam over a large area. The beam was then collimated to a 3 / 8 -inch diameter to 



insure uniformity of flux. The ho MeV 
proton flux was measured directly by a 
Faraday cup mounted behind the sample, 
as proton scatter from the sample was 
negligible. However, for the 22 MeV 
bombardments, the collimator was cal- 
ibrated against the Faraday cup, and 
the beam current was monitored by the 
collimator. (See fig. 2.) Pertinent 
electrical parameters of the samples 
were measured during periodic inter- 
ruption of the radiation cycle. The 
magnetic field for the Hall coeffi- 
cient determinations was maintained 
at 5000 gauss during this phase of 
the experiment. The accuracy of the 
voltage and current measurements on 
the test samples was 1 percent or 
better. 


Unmounted 


r >-r 

C 

C: <2 


lo ' 

INCH 



l- 64 - 729.1 

Figure 1 .- Germanium bridge sample used 
for electrical conductivity and Hall 
coefficient measurements. 


The Hall coefficient as a func- 
tion of temperature was determined at 

Langley Research Center prior and subsequent to bombardment. The temperatures 
of the samples were monitored by measuring the output voltage of a copper - 
constantan thermocouple attached directly to the sample. The lower tempera- 
tures were controlled by means of a liquid nitrogen bath and a heater coil, 
which was wound around the chamber enclosing the sample. For temperatures 
closer to room temperature, dry ice was substituted for the liquid nitrogen 
bath. By using this type of temperature control system, the temperature could 
be maintained to ±1° C. The magnetic fields for the Hall coefficient measure- 
ments were maintained at 3000 gauss. 



Figure 2 .- Experimental setup for measuring the Hall 
coefficient and electrical conductivity during 
proton bombardment. 
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DISCUSSION OF THEORY 


Simple Displacement Theory (Refs, k and 5) 

A theory for displacements produced by radiation is formulated in refer- 
ences k and 5- 

High-energy proton bombardment causes permanent damage in germanium by the 
displacement of the germanium atoms from their normal lattice sites to form 
interstitials and vacancies. Displacements are produced by a primary and 
a secondary process. The primary process is the direct coulomb interaction of 
the proton and the germanium nucleus. The secondary process is an interaction 
of the resulting recoil atom with nearby atoms. For energetic protons, the 
secondary process accounts for the majority of the displaced atoms. 

The total number of displacements produced per centimeter per particle is 
given by 


N d = Na d v d (1) 

where cr^ is the total displacement cross section, N is the number of atoms 
per cubic centimeter, and V ^ is the mean number of displacements per primary 
recoil atom. 

For the proton energies of concern in this report, the displacement cross 
section may be calculated from the unscreened coulomb potential. For nonrela- 
tivistic particles, the displacement cross section is given by 


= 


4 * a h 2 


m Z V 

™Ge 


where 

a^ Bohr radius of hydrogen atom 

m mass of proton 

roQ e mass of germanium atom 

Rh Rydberg energy for hydrogen atom 

E energy of proton 

E^ displacement energy, 30 eV 

Z atomic number of target atoms 


( 2 ) 
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The mean number of atoms displaced per primary recoil atom was estimated 
from the Kinchin and Pease model (ref. 5) ho be 


% 

2E h 


The mean energy of the recoil atom, E R , is given by 


(3) 


e r 


Ed In 



(4) 


where E^x, the maximum energy that can be transferred to the recoil atom, is 


®max ~ 


+mm Ge 


E 


(m + m Ge y 


(5) 


The contributions to the total number of displacements produced due to 
nuclear inelastic scattering and spallation have been neglected since they are 
quite small at 22 and 4o MeV. 


Semiconductor Theory 

In order to investigate proton damage to germanium, measurements of the 
electrical conductivity and the Hall coefficient were made. In a semiconductor 
the electrical conductivity is defined as 


a 


e % + 



( 6 ) 


where n is the concentration of conduction electrons, p is the concentra- 
tion of holes, and q n and (ip are the respective mobilities of the electrons 

and holes. In this report, only germanium samples where the concentration of 
one type of carrier is negligible in comparison with that of the other are 
considered. Therefore, the expression for the electrical conductivity reduces 
to either 


or 


a - neji n 

a = peup 


( 7 ) 
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For a semiconductor, the Hall coefficient is in general given by the following 
expression: 


% = 




r PHr 


e^PUp + n|_i n y 


( 8 ) 


where r is the ratio of the Hall mobility to the drift mobility and is taken 
to be 3it/8 in this investigation. In a typical semiconductor, % reduces 
to either -r/ne or r/pe. 

From Fermi -Dirac statistics. 


p = %e 


(%-E F )/kT 


(9) 


for holes, and 


n = Nne 


-(Ec-E F )/ 


kT 


( 10 ) 


for electrons where Nq and Ny are the effective concentrations of states 
available in the conduction band and valence band, respectively, and 


N C = 


% = 


2(2jtm n kT) 5//2 

2(2rtm p kT)- 5 / 2 


J 


(ID 


The effective mass of the electrons, n^, is given as 

m n = 4 2 /^m z m t 2 ) ^ = 0.561110 

where m^ = 1.64m 0 and xn-^ = 0 . 082 mQ (see ref, 6), and the effective mass of 
the holes, mp, is given as 

\ 2/5 

“P = ( m L^ 2 + m H^/ = °*57mo 


where m^ = O.O^mo and mg = O. 36 mo (see ref. 7)* 
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Defect Energy Level Theory 


When a semiconductor is bombarded, defects (interstitials and vacancies) 
are introduced which give rise to electronic levels in the forbidden gap of the 
material. According to the model of James and Lark-Horovitz (ref. 8), two 
donor levels and two acceptor levels are introduced. The two donor levels, one 
shallow level above the middle of the forbidden gap and one deeper -lying level, 
are attributed to the isolated interstitial. The two acceptor levels are 
assigned to the isolated vacancy; both are located below the middle of the gap. 
A model proposed later by Blount (refs. 9 and 10) allows the interstitials and 
vacancies to act either as acceptors or donors. Only isolated vacancies and 
interstitials are considered in these models. Normally, radiation -produced 
defects are considerably more complex. 

The probability that a donor will be filled with an electron is 

f = whereas the probability that an acceptor will be occupied 

1 + 7e (E D -E F )/kT 

1 

by a hole is f = * — — where Em and Ea are the respective 

! + 7e (EF-EA)AT 

energies of the donor and the acceptor and y is the spin degeneracy. The 
condition of electrical neutrality after bombardment is fulfilled by the fol- 
lowing general expression (ref. 11): 


n - P = N d ,o - %, 0 + 



W D,j 

_ V 

»A,1 

, (E F -Ej)/kT 
1 + * A 6 J 

L 

i 

! + r -l e (El-EF)AT 
_ ' l _ 


( 12 ) 


where N-p q and 0 are the concentrations of ionized donors and acceptors 
existing prior to bombardment and where Nj) j and are the concentra- 

tions of bombardment -produced donors and acceptors. 


In this investigation two experimental techniques have been employed to 
determine the location of defect energy levels. The first approach was to 
investigate the temperature dependence of the majority-carrier concentration. 

As the temperature is varied, the Fermi level shifts and, thus, the probability 
of occupation of the defect level is changed. When the Fermi level passes over 
the defect level, the concentration of the carriers available for conduction 
changes abruptly, usually within 1 or 2kT of the defect level. The concentra- 
tion of conduction electrons is given as 


n = N c e 


■(Ec-E F )/kT _ -(E c -E A )/kT (E F -E A )/KP _ 2(2 ra n n kT) 5/2 -(E c -E A )/kT (E p -E A )/kT 
C e e 
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Thus, 


nT _3/2 _ atamnnk)?/ 2 e -(%.-* A )/“ e ( V B *)/ M 


and 


ln(nT-3/2) = in 2(2jnn n _ E C _ I E A + % ~ E A 
\ > h 3 kT kT 

Assume that Ep is very close to E A so that 


e F ~ e A 
kT 


« 


E c - e A 

kT 


Therefore , 


ln(nT _ 5/ 2 ) 


In 


2 ( 2 T 0 n n k) 


3/2 


h? 


E C - e a 
kT 



d(l/T) 



( 13 ) 


Thus, a plot of ln^nT“^/ 2 J as a function of l/T would reveal the location 
of the defect level. 

The second experimental technique utilized to determine defect energy- 
levels was the study of the removal rate of majority carriers as a function of 
the Fermi level. With the assumption that two acceptor and two donor levels 
are introduced asymmetrically in the forbidden gap (one shallow acceptor level 
below the conduction band and the other levels below the middle of the forbid- 
den gap), the equation for the concentration of conduction electrons for n-type 
germanium is 


n = N d ^ 0 - N A;0 


% 


1 + e 


(E A -E F )/kT 


+ 1 


( 14 ) 
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for the following conditions: 

(a) p « n and can be neglected. 


and 


(*) is large; that is, both donor levels are far below Ep, 

2 . 

1 N D,j I 

- 1 can be neglected. 


j=i 


i + 7j -i e ( EF " E ^ /kT 




(c) The shallow acceptor is partially filled with electrons whereas the 
deeper acceptor is completely filled. 

(d) The number of shallow acceptors is equal to the number of deep-lying 
acceptors. 

(e) The value of y^ is taken to be unity. 

Therefore , the expression for the initial removal rate of conduction elec- 
trons becomes 


(to\ - 

®a' 

1 _ + q 

0 

1 

" d$“ 

(E A -E F )/kT 

1 + e 


(15) 


This expression can be used to obtain a best theoretical fit to an experi- 
mental plot of initial removal rate of conduction electrons as a function of 
the initial Fermi level. This theoretical fit yields the location of the shal- 
low acceptor level and the introduction rate of these acceptors. 


RESULTS AND DISCUSSION 


n-Type Germanium 

Samples of arsenic-doped, n-type germanium with resistivities in the range 
from 0.069 to 15-9 ohm-cm were irradiated with 22 and ho MeV protons at room 
temperature. The Hall coefficient and electrical conductivity were determined 
at regular intervals during the bombardment. The proton beam was not appreci- 
ably degraded as it passed through the relatively thin samples. Examples of 
results obtained as a function of integrated proton flux are shown in figure 3* 
Figure 3(a) indicates radiation -produced changes in the conductivity and Hall 
coefficient for a germanium sample which had an initial resistivity of 
O .76 ohm-cm. This sample was bombarded with 22 MeV protons to an integrated 

flux of 1.91 x lO 1 ? protons/cm 2 . The calculated initial removal rate of elec- 
trons from the conduction band was -92.9 electrons/ cm -proton. Figure 3(t>) 
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shows changes in the identical parameters for a germanium sample, with an ini- 
tial resistivity of O .85 ohm-cm, irradiated with ko MeV protons to an inte- 
grated flux of 8.88 x 1012 protons/cm^. The calculated initial removal rate of 
conduction electrons was -57 electron s/cm -proton . 



(a) Irradiated with 22 MeV protons; sample 3- 



(h) Irradiated with 40 MeV protons; sample 8. 

Figure 3 .- Conductivity and reciprocal Hall coefficient as a 
function of integrated proton flux. Arsenic -doped n-type 
germanium. 
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TABLE I.- INITIAL REMOVAL RATES OF ELECTRONS FOR n-TYPE 


GERMANIUM WITH VARYING INITIAL FERMI LEVELS 


The results of bombardment of 
n-type germanium for both the 22 and 
40 MeV irradiations are summarized in 
table 1. As can readily be seen, the 
initial removal rate of conduction 
electrons is a function of the initial 
Fermi level. The removal rate ranges 
from - 137.3 electrons/cm-proton for an 
initial Fermi level of Eq - O.lVf eV 
to - 56.8 electrons/ cm -proton for an 
initial Fermi level of 0.287 eV below 
the bottom of the conduction band for 
the 22 MeV bombardment. In figure 4 
the slope of the straight part of the 
curve obtained subsequent to bombard- 
ment points out the existence of a 
level in n-type germanium 0.20 eV 
below the bottom of the conduction 
band not seen prior to irradiation. 

This level has been found by other 

investigators using other types of bombarding radiation. Results presented in 
references 5 and 12 indicate that this is an acceptor level. 





Initial Fermi 

/dn\ electrons 

Sample 

a 0 , (ohzn-cm) 1 

no, cm-3 

level, eV 

V^Vo* ^“Proton 


Bombardment with 22 MeV protons at 299° K 

1 

14.5 

5.62 x 10l6 

Ec - 0.147 

- 137.3 

2 

12.9 

5.04 x 10 i6 

E c - 0.151 

- 150.3 

3 

1-32 

2.78 x 10 15 

Ec - 0.214 

-92.9 

4 

l.l 4 

2.26 x 10 15 

E c - 0.219 

-92.0 

5 

.089 

1.92 x 10 lU 

Ec - 0.283 

-70.2 

6 

.078 

1.84 x IQ 11 * 

Ec - 0.287 

-56.8 


Bombardment with 40 MeV protons at 296° K 

7 

12.1 

3.39 x IO 16 

Eq - 0.144 

- 88.3 

8 1 

1.17 

2.51 x 10 15 

Ec - 0.213 

- 57.0 

9 

1.08 

2.33 x 10 15 

Ec - 0.215 

-70.8 

10 

.071 

1.50 x 10 lk 

E C - 0.278 

-40.4 

11 

.065 

1.36 x lO 1 * 4 

e c - 0.283 

-38.0 


By using the initial removal rates from table 1 and by assuming different 

values of E A from Eq - 0.18 eV to Eq - 0.24 eV, values of were cal- 

d 0 

culated which corresponded to those of E^. Then, a theoretical fit to the 

experimental points was obtained by using equation (15)- Figure 5(a) shows a 
plot of initial removal rate of electrons as a function of initial Fermi level 
for the 22 MeV proton bombardment. The best theoretical curve was obtained for 


E a = Eq - 0.19 eV and 




- 73.5 acceptors/ cm-proton. A similar procedure 


was conducted for the 40 MeV bombardment; the results are shown in figure 5(^0 • 
For the 4o MeV bombardment, the best theoretical curve was obtained for 

E A = Eq - 0.21 eV and — — = 41.4 acceptors/ cm-proton. 

d 0 

The rate of introduction of acceptors can be used to compare the relative 
damage at the two proton energies. Thus, 




= I .78 
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Figure 4.- Location of a defect energy level by means 
of a plot of nT~3/ 2 as a function of 1/T. 
Arsenic-doped n-type germanium irradiated with 
22 MeV protons > 0 = 3.10 X lO 1 ^ protons/cm 2 ; 
sample 22. 


Theoretically, the 
that at 40 MeV is 


number of displacement s/cm-proton at 22 MeV compared with 

(N d ) 22 


(Nd)lK)’ 


Making use of equation (l) yields: 


( N a) 22 _ N ("d v d) 22 _ (®a v a) 22 


Ik 



Substitution for and results in the following expression: 

^ M<i ^22 _ E *^ 1^)22 _ x T2 

( Hd \o E22 ( Er )iw 


The fairly close agreement between theory and experiment indicates that coulomb 
interactions are principally responsible for the production of defects in the 
energy range of this investigation. 



E C Ec*-2 Ec - - 4 

Initial Fermi level, eV 


a> 

0 


o 

E 

a> 


-200r 
-160 
- 1201- 
-80 
-40 
0 



Sample 
Cx 7 
O 8 
□ 9 
O 10 

O II 


Theoretical curve 


: c E c -.2 E c -.4 

Initial Fermi level, eV 


(a) Irradiated, with 22 MeV 
protons . 


(b) Irradiated with 4o MeV 
protons . 


Figure 5 .- Application of equation ( 15 ) to experimental data to obtain 
defect energy level and acceptor introduction rate, n-type 
germanium. 


p-Type Germanium 

Several samples of indium-doped, p-type germanium with a range of resis- 
tivities from O.O 89 to 9. 80 ohm-cm were also bombarded with 22 and 40 MeV pro- 
tons at room temperature. Conductivity and reciprocal Hall coefficient changes 
during bombardment with 22 MeV protons are shown in figure 6 (a). This sample 
had an initial resistivity of 1.10 ohm-cm. Both the conductivity and the 
reciprocal Hall coefficient decreased under bombardment because of the removal 
of holes from the valence band. The rate of the removal of holes was 
-8.0 holes/ cm -proton. A similar plot is shown in figure 6 (b) for a sample, 
with an initial resistivity of 9*54 ohm-cm, bombarded with 40 MeV protons. 
However, both the conductivity and reciprocal Hall coefficient increased during 
bombardment, an indication that holes were being introduced into the valence 
band. The introduction rate of holes was 5.4 holes/ cm -proton. 
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(a) Irradiated with 22 MeV protons; sample 15 . 



Integrated flux, protons/cm 2 


(b) Irradiated with 4o MeV protons; sample 20, 

Figure 6.- Conductivity and reciprocal Hall coefficient as a 
function of integrated proton flux. Indium-doped p-type 
germanium . 

The results of the bombardment of p-type germanium are summarized in 
table 2. As can be seen from the table , for the 22 MeV bombardment, the 
removal rate changes from a negative value to a positive value between values 
of the initial Fermi level of Ey + 0-202 eV and Ey + 0.252 eV. This change 

points out the existence of a limiting value of the Fermi level between these 
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TABLE 2.- INITIAL REMOVAL RATES OF HOLES FOR p-TYPE 
GERMANIUM WITH VARYING INITIAL FERMI LEVELS 


two values; this limiting value is 
that value of the Fermi level for 
which the removal rate of the car- 
riers is zero. It can also be seen 
from tables 1 and 2 that the removal 
rates for holes are much lower than 
those for electrons at a similar 
resistivity and bombardment energy. 


CONCLUDING REMARKS 


In the determination of the 
defect introduction rate, the tacit 
assumption was made that the rate of 
introduction of acceptors could be 
taken as the defect introduction rate. 

This assumption may not be completely correct, but it has been made in order 
that the ratio of damage produced with 22 MeV protons to that produced with 
40 MeV protons determined experimentally could be compared with that for 
theory. The damage at 22 MeV relative to that at 40 MeV compares well with 
theory. 

The defect energy level located 0.20 eV ±0.01 eV below the bottom of the 
conduction band was labeled an acceptor on the basis of the results of previous 
studies made by other investigators. If the level had been assumed to be a 
donor, the fit of the theoretical curve to the experimental plot of initial 
removal rate as a function of initial Fermi level would not be altered for the 
following assumptions: (l) The concentration of radiation-produced donors 

equals the concentration of radiation-produced acceptors. (2) The spin degen- 
eracy is inity. Any other values of the spin degeneracy would only shift 
slight Iv he value determined for the defect energy level. 

In future investigations it would be desirable to determine values of the 
removal rate for a more extensive range of the Fermi level. As a result, more 
accurate determinations of defect energy levels could be made, and the limiting 
value of the Fermi level could be determined. 


Langley Research Center, 

National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., November 13 > 1964. 





Initial Fermi 

f dp\ holes 

Sample 

a 0 , (ohm -cm) 

p 0 , cm-3 

level, eV 

$) 7 cm-proton 


Bombardment with 22 MeV protons at 299° K 

12 

10.6 

4.62 x 10 l6 

Ey + 0.125 

-25-3 

13 

8.76 

3.62 x 10 l6 

Ey + 0.132 

-19.7 

14 

.946 

2.67 x 10 15 

Ey + 0.201 

-8.4 

15 

.909 

2.50 x lO 1 ^ 

% + 0.202 

-8.0 

16 ' 

.126 

3.50 x 10 l4 

Ey + 0.252 

13.9 

17 

.110 

3.22 x 10 l4 

Ey + 0.255 

7.3 


Bombardment with 40 MeV protons at 296° K 

18 1 

11.2 

5.07 x 10 l6 

Ey + 0.120 

- 12.6 

19 

9.71 

4.23 x 10 l6 

Ey + 0.124 

- 21.6 

20 

.105 

2.90 x 10 14 

Ey + 0.253 

5.4 

21 

.102 

2.92 X 10 14 

Ey + 0.253 

7.5 
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